mal dominant inheritance with reduced penetrance; furthermore, cigarette smoking was associated with affection status among siblings (OR = 3.6, 95% CI 1.3-9.8, p = 0.01). Families demonstrate more than one type of IIP, suggesting various subtypes of IIP may share a common pathogenesis. Genomewide linkage scans in familial interstitial pneumonia demonstrate linkage to chromosomes 4, 5 and 11. Candidate gene studies indicate that surfactant protein C and telomerase are susceptibility genes for the development of pulmonary fibrosis. Future challenges include determining how multiple susceptibility alleles interact with each other and environmental factors resulting in disease risk and multiple phenotypes, and determining the mechanism of action and cellular pathways involving susceptibility alleles. Further insight into these areas may lead to new therapeutic interventions. 
Introduction
The interstitial lung diseases (ILDs) are a diverse group of lung diseases that can be classified according to the combination of clinical, radiologic, physiologic and pathologic criteria. The term diffuse parenchymal lung disease (DPLD) more accurately describes these entities, as beyond the alveolar interstitium, the capillaries, terminal and respiratory bronchioles, and lymphatics along the bronchovascular bundle and interlobular septae can all be pathologically involved. While the underlying pathogenic mechanisms are known or inferred in some of the DPLDs (for example hypersensitivity pneumonitis), the pathogenesis of the majority of these entities, particularly those characterized by the development of progressive lung fibrosis, is poorly understood.
Four lines of evidence suggest that the development of pulmonary fibrosis is determined by genetic factors and that the study of genetics and genomics may provide insight into the pathogenesis of these diseases. First, clustering of pulmonary fibrosis has been noted in monozygotic twins raised in different environments [1] [2] [3] , in genetically related members of different families [3] [4] [5] [6] , in consecutive generations of the same family [3, 7, 8] and in family members separated at an early age [5] . Second, pulmonary fibrosis is observed in genetic disorders with complex clinical manifestations, including HermanskyPudlak syndrome [9] , neurofibromatosis [10] , tuberous sclerosis [11, 12] , Niemann-Pick disease [13] , Gaucher disease [14] , familial hypocalciuric hypercalcemia [15] and familial surfactant protein (SP)-C mutation [16] . Third, considerable variability exists in the development of pulmonary fibrosis among individuals exposed to similar concentrations of fibrogenic dusts or organic antigens. For instance, following exposure to asbestos, similarly exposed individuals experience very different outcomes [17, 18] . Fourth, inbred strains of mice differ in their susceptibility to fibrogenic agents. In comparison to BALB/c or 129 mice, C57BL/6 mice develop more lung fibrosis when challenged with either bleomycin [19, 20] or asbestos [21, 22] . This review will focus on the genetic and genomic approaches to identify disease susceptibility genes that predispose to, aid in the diagnosis, or help define the outcome of DPLD.
Genetic Associations in Mouse Strains
To date, no mouse strain has been identified that spontaneously develops a fibrosing lung disease that resembles any of the idiopathic interstitial pneumonias (IIPs). However, there are several mouse strains that have been identified as being susceptible or resistant to pulmonary fibrosis following various stresses to the lung. These differences in susceptibility can be used to identify pulmonary fibrosis susceptibility genes.
Differences in susceptibility to radiation-induced [23] [24] [25] , bleomycin-induced and paraquat-induced pulmonary fibrosis in different inbred mouse strains have been used to identify loci linked to pulmonary fibrosis [26] [27] [28] [29] . Microarray analysis can be targeted to linked regions to identify differentially expressed genes that are potential candidate genes [27, 30] . The most commonly studied model is pulmonary fibrosis following intratracheal administration of bleomycin. Using this model, the C57BL6 strain has been shown to be susceptible to the development of pulmonary fibrosis when compared to the more resistant C2Hf/Kam and C3H/HeJ strains. One limitation of the bleomycin mouse model is that the fibrosing lung injury induced by bleomycin tends to resolve spontaneously over time, with relatively little persistent fibrosis compared to the chronic and progressive disease seen in humans. In the bleomycin model, the bleomycin hydrolase gene appears to be at least one candidate gene. Results of these studies are summarized in table 1 .
Genetic Associations in Sarcoidosis
Sarcoidosis represents a complex disease with racial and ethnic differences in disease prevalence [32, 33] and evidence of familial clustering [34] [35] [36] [37] [38] . The most comprehensive study of the familial aggregation of sarcoidosis comes from 'A Case-Control Etiologic Study of Sarcoidosis' (ACCESS) [32] . The study population was drawn from 10,862 first-degree and 17,047 second-degree relatives identified by 706 sarcoidosis case-control pairs. Controls were matched to cases on race, sex, age and 3-digit phone numbers. The familial odds ratio (OR) of sarcoidosis was 5.8 (95% CI 2.1-15.9) for sibs and 3.8 (95% CI 1.2-11.3) for parents.
Candidate Gene Studies
Sarcoidosis demonstrates characteristic granulomatous inflammation with a host of associated immunologic abnormalities [39] . These immunologic abnormali-ties include oligoclonal expansion of T cells bearing restricted T cell receptor, increased expression of TNF-ligand and TNF-receptor superfamilies by T cells, B cell hyperactivity with spontaneous in situ production of immunoglobulin, and accumulation of antigen-presenting mononuclear monocytes/macrophages. There is also an increase in macrophage-derived cytokines (IL-1, IL-6, IL-8, IL-15, TNF-␣ , IFN-␥ and GM-CSF), chemokines (RANTES, MIP-1 ␣ and IL-16) and fibrogenic cytokines (TGF-␤ and PDGF). Genes involved in each of these pathways are plausible biologic candidate genes.
The combination of the racial and ethnic differences in disease prevalence, and the characteristic immunologic features of the disease have focused attention on HLA region genes. In fact, utilizing mutation screening in candidate genes, only HLA alleles have been validated as susceptibility genes for sarcoidosis. Results from different populations have produced conflicting results, some HLA alleles demonstrating an increased risk with others offering protection from disease.
HLA class II alleles have been most frequently reported to be associated with an increased risk of developing sarcoidosis. There is a consistent association with HLA-DR3 haplotype with a more favorable prognosis in Czech, German, Italian, Japanese, Polish and Scandinavian populations [40] [41] [42] [43] [44] [45] [46] [47] . The HLA-DRB1 and HLA-DQB1 alleles have been associated with milder forms of the disease (erythema nodosum, Löfgren's syndrome, stage 0/1 chest Xray findings) in patients from Scandinavia, the UK and the Netherlands [40, 48] . Of note, HLA-DQB1 is in linkage disequilibrium with HLA-DRB1, which is in close proximity to non-HLA-related genes such as TNF that may also influence outcomes [49] . The favorable outcome associated with increased TNF-␣ production based on the A2 promoter allele may be related to a common haplotype shared by HLA-DR3 [50] . Other HLA loci that confer disease susceptibility include HLA-A1, HLA-B8, HLA-B22, HLA-B13, HLA-DR15 and HLA-DR16, whereas protection from disease or milder forms of the disease have also been associated with HLA-DR17 and HLADRw52 [40, 46, [51] [52] [53] .
A number of non-HLA genes have been investigated. The most heavily investigated is intron 16 of angioten sinconverting enzyme (ACE), which is known to affect serum ACE levels. However, there appears to be no relationship with disease susceptibility [54] [55] [56] . Other non-HLA candidate genes studied in sarcoidosis are summarized in table 2 . In interpreting these data, it is important to look closely at the choice of control populations to avoid spurious associations due to population stratification, as well as at the statistical methods such as verification that genetic markers are in Hardy-Weinberg equilibrium and that correction for multiple comparisons has been performed. It is also important to look for evidence of linkage disequilibrium in flanking putative disease susceptibility single nucleotide polymorphisms (SNPs), since unknown mutations in linkage disequilibrium with the putative disease susceptibility SNP may be responsible for the apparent association. In general, replication studies in multiple populations are necessary before a candidate gene SNP is unequivocally linked as a susceptibility gene. Currently, utilizing mutation screen- 
Linkage Analysis
The first published genome-wide linkage study in sarcoidosis was from 63 German families consisting mostly of affected sibling pairs with 138 affected siblings and 95 first-degree relatives [71] . The greatest risk was in the MHC class II gene. Other chromosome regions showing potential associations include chromosomes 3p21, 1p22, 9q33, X,7q22 and 7q36. A second linkage study in sarcoidosis is from the Sarcoidosis Genetic Analysis Consortium (SAGA), reporting linkage analysis of sibling pairs from 229 African-American families utilizing 380 microsatellite markers. Interestingly, despite using a higher density of markers in the MHC class II region, the SAGA investigators did not find evidence for linkage in the MHC class II region [70] . They identified 15 markers with p ^ 0.05, with the most prominent peak at D5S2500 on chromosome 5q11 (p = 0.0005). The differing linkage results in the German and African-American populations are consistent with ethnicity-related locus heterogeneity.
Based on the initial linkage analysis of the 63 German families demonstrating linkage to chromosome 6p21, SNP-based fine mapping of the region was performed using extended families and trios to conduct transmission disequilibrium testing (TDT) and case-control association analysis [72] . The results demonstrated an association with an SNP located in the butyrophilin-like2 gene (BTNL2) located adjacent to HLA-DR1. The OR for developing sarcoidosis when heterozygous for the susceptibility allele is 1.6, and 2.75 in homozygotes. The BTNL2 gene was investigated further for disease susceptibility mutations using SNP-based fine mapping of the linkage region, utilizing family-based TDT and populationbased case-control association analyses, and a disease-associated variant, rs2076530, was associated with disease (P TDT = 3 ! 10 -6 , P case-control = 1.1 ! 10 -8
). This association appeared to be independent of variation in HLA-DRB1 gene located 180 kb centromeric to BTNL2. The rs2076530 variant represents a G to A transition resulting in cryptic splice site that results in the risk allele having a premature stop codon in the mRNA. The BTNL2 gene belongs to the immunoglobulin gene superfamily and is related to the costimulatory receptors B7.1 (CD80) and B7.2 (CD86), but its exact function is unknown. Replication of the susceptibility allele in BTNL2, rs2076530, was performed in an African-American family-based population, and in African-American and Caucasian casecontrol populations. In all 3 study populations there was a haplotype associated with sarcoidosis, but the association was much stronger in Caucasians (p = 0.0006) compared with the African-American family population (p = 0.03) or case-control population (p = 0.02) [69, 70, 73] . These authors suggested that while in Caucasians the effects of BTNL2 are independent of HLA class II genes, there may be an antagonistic interaction between these loci in African-Americans. BTNL2 may play a role in 10 intron/exon 5 SNP increased risk [69, 70] T cell signaling, might interact with other HLA proteins and may explain some of the clinical differences in sarcoidosis among different ethnicities.
Genetic Associations in Familial Interstitial Pneumonia
Familial aggregation of otherwise IIPs has been reported in a variety of studies in twins, siblings raised apart and multigenerational families. When this occurs the disease is classified as familial interstitial pneumonia (FIP). There is no data on the relative proportion of interstitial pneumonias that are familial, but estimates are in the range of 5%. While a single report suggests that FIP is inherited as an autosomal recessive trait [74] , the majority of pedigrees demonstrate an autosomal dominant pattern of inheritance [5, 75, 76] , perhaps with reduced penetrance [1, 2, 4-6, 75, 77, 78] .
Steele et al. [79] have reported on the largest collection of FIP, identifying 111 families from the US. In their study, 20 multigenerational pedigrees were consistent with autosomal dominant inheritance. Forty-five percent of the families demonstrated phenotypic heterogeneity, with some families having bronchiolitis obliterans, nonspecific interstitial pneumonia (NSIP) and usual interstitial pneumonia (UIP) within the same pedigree. Cigarette smoking was associated with affection status among siblings (OR = 3.6, 95% CI 1.3-9.8, p = 0.01).
Candidate Gene Studies
Yang et al. [80] performed microarray analysis of 16 cases of sporadic IIP (14 UIP, 2 NSIP), 10 cases of FIP (6 UIP, 4 NSIP) and 9 matched normal lung controls. Whole human genome arrays modified with an additional 657 probes for genes/expressed sequence tags that would be potentially informative based on preliminary linkage data were used and expression profiling was performed using standard protocols. Differentially expressed genes were identified using significance analysis of microarrays with 100 permutations; 558 differentially expressed transcripts were identified, with 135 genes being up-or downregulated greater than 1.8-fold. When hierarchical clustering was applied to the set of 135 genes, all but 2 samples clustered according to disease versus no disease, and familial disease segregated from sporadic disease. Sixtynine differentially expressed genes were identified that distinguish sporadic and familial interstitial pneumonia, and these are broadly grouped into functional classes with a wide variety of chemokines, extracellular matrix and growth-related genes that are differentially expressed. These data appear to indicate that familial and sporadic IIP are transcriptionally distinct, and also suggest similarities between the histologic subtypes of UIP and NSIP.
Linkage Studies in Pulmonary Fibrosis
The first published study performing genome-wide linkage analysis in FIP comes from Finland [81] . Using 6 pedigrees, associations on chromosomes 3 (marker D3S1278), 4 (marker D4S424) and 13 (D13S265) were obtained. On chromosome 4, a shared haplotype was identified among 8 of 24 multiplex families. A candidate gene located in the region of interest, ELMOD2, was further investigated by resequencing of exons and exon/intron boundaries. No mutations in ELMOD2 in these locations were identified. RT-PCR and in situ hybridization demonstrated decreased levels of ELMOD2 mRNA in 6 cases of sporadic idiopathic pulmonary fibrosis compared to controls. Telomerase mutations were identified in a genome-wide SNP linkage scan in 2 US Caucasian families displaying a logarithm of odds (LOD) score of 2.8 to chromosome 5p15. In one family, a deletion of thymidine at position 2241 of the cDNA created a frameshift mutation resulting in a predicted truncated protein, and in the second family an arginine to histidine mutation was identified at codon 865 [82] . Genome-wide linkage analysis of the 111 US families is in progress, and preliminary results indicate linkage (LOD score 1 3.0) on chromosome 11p15 not identified in the Finland study [Schwartz, pers. commun.].
Genetic Determinants in Rare Inherited Disorders

Pulmonary Surfactant Abnormalities
Pulmonary surfactant is a complex mixture of phospholipids and proteins (surfactant-associated proteins A, B, C and D) that likely has many functions and is known to reduce surface tension at the alveolar air interface preventing atelectasis. Deficiency of pulmonary surfactant is the principal cause of respiratory distress syndrome in premature infants [83] , and familial cases of neonatal respiratory distress have been associated with SP-B deficiency [84] .
Abnormalities in SP-C have been described in patients with DPLD. Nogee et al. [85] reported a full-term baby girl born to a woman who had had desquamative interstitial pneumonia at 1 year of age. The infant's maternal grandfather died of an unknown lung disease. The infant developed respiratory distress at the age of 6 weeks, and surgical lung biopsy demonstrated NSIP. Both the infant and mother had minimal SP-C by either immunohistochemical staining or immunoblotting of lung tissue. DNA sequence analysis of the SP-C gene demonstrated a heterozygous substitution of A to G at the first base of intron 4, resulting in a truncated mRNA. Subsequently, several additional families with both SP-C mutations and interstitial pneumonia have been described [16, 86] . In the largest kindred, a heterozygous T to A substitution was identified in exon 5. In this pedigree, there was both adult-onset UIP histology and childhood cellular NSIP [16] . Immunohistochemical analysis of these patients demonstrated intracellular aggregates of SP-C and in vitro expression studies demonstrated abnormal intracellular processing of SP-C in alveolar type II cells.
SP-A variants have also been associated with an increased risk of idiopathic pulmonary fibrosis [87] . In a single study by Selman et al. [88] the SP-A1 6A 4 haplotype was associated with a substitution of 3 amino acids at positions 19, 50 and 219. The amino acid 219 variant was associated with idiopathic pulmonary fibrosis in smokers and nonsmokers (OR = 3.67, 95% CI 1.34-10.07, p = 0.01).
Other Rare Disorders
Pulmonary fibrosis is observed in genetic disorders with a pleiotropic clinical presentation, including Hermansky-Pudlak syndrome, neurofibromatosis, tuberous sclerosis, Niemann-Pick disease, Gaucher disease, familial hypocalciuric hypercalcemia, familial SP-C mutation, and most recently dyskeratosis congenita. Mutations associated with the dyskeratosis congenita syndrome have been identified in a small percentage of families with FIP [89] . Specifically, 8% of 73 families with more than 1 case of IIP were found to have heterozygous mutations in telomerase reverse transcriptase resulting in shortening of telomeres. These authors suggested that telomere shortening may cause apoptosis of the alveolar epithelium. At this time, the frequency of telomerase mutations in adult-onset sporadic or familial pulmonary fibrosis is uncertain.
Emerging Concepts from Genetic Studies
An interesting feature of these studies is the variable histopathologic features among family members sharing seemingly identical genetic abnormalities, suggesting modification of disease phenotype by the injury type or other unknown factors. Mutations in SP-C and telomerase reverse transcriptase also suggest that abnormalities of the alveolar epithelium, particularly alveolar type II epithelial cells, the major source of pulmonary surfactant and also the progenitor cell for alveolar type I epithelial cell, may be critical for the development of interstitial pneumonia. These studies support the shift in thinking about the mechanisms responsible for the development of fibrosing lung disease, away from an inflammatory hypothesis toward one of abnormal injury and repair of the alveolar epithelium.
Summary
The ILDs/DPLDs are a heterogeneous group of diseases with complex pathogenesis, diverse histopathology and variable natural history. It is becoming increasingly clear that these entities occur in genetically susceptible individuals combined with specific triggers such as environmental and drug exposure. High-risk alleles for the development and prognosis of sarcoidosis have been recently identified and linkage and candidate gene studies are identifying susceptibility genes for the development of pulmonary fibrosis. Future challenges include determining how multiple susceptibility alleles interact with each other and environmental factors, resulting in disease risk and multiple phenotypes, and determining the mechanism of action and cellular pathways involving susceptibility alleles. These approaches will ultimately aid future diagnostic and treatment algorithms in ILD.
Insight into the genetics of ILDs/DPLD raises important practical issues for the clinician [90] . First, while susceptibility alleles are being identified in sarcoidosis and IIPs, genetic screening for these high-risk alleles is currently not feasible. Furthermore, high-risk alleles are likely one of several risk factors leading to the development of complex diseases such as sarcoidosis and IIP, and further insight into identifying all the relevant disease risk factors is needed. Certainly, obtaining a detailed family history is important, and can assist in the diagnostic evaluation of patients with DPLD/ILDs. One question that arises is what to do with unaffected familial members in terms of screening for asymptomatic disease. Until the natural history of early, asymptomatic disease is determined in these individuals, there are no definite guidelines. In FIP, the diagnosis of UIP in 1 family member does not imply all family members will have UIP, and each family member should be considered for surgical lung biopsy depending on the clinical presentation and high-resolution chest CT features. Unaffected familial members with FIP should be urged to stop cigarette smoking. There is no data on the treatment of familial forms of IIP or sarcoidosis. At this time, it seems prudent to treat patients with familial forms of IIP or sarcoidosis similar to the treatment of sporadic forms of the disease.
